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:%-_: : 1. INTRODUCTION
’ In this report, a coax-fed monopole antenna completely immersed
3
_::S in water is investigated theoretically and the results are corroborated
T ete
'ii:\:.‘s experimentally. The major thrust of the investigation is to acquire
- a better understanding of the properties of the current on an antenna
:‘_Eéi - in a lossy medium. Coupled integral equations are derivgd for the
Iﬁi current on the antenna and the electric field in the aperture formed
o where the coaxial guide joins the conducting ground plane (Fig. 1).
,:if‘- These equations accurately characterized the above-mentioned current
E,S and electric field for the structure illustrated in the figure.
,_" Numerical/analytical techniques needed to solve thse equations are
"}::‘ developed in the report. Numerical results are obtained and are
N
_::-.; compared with experimental data available elsewhere. These equations
o~ and the numerical techniques developed for solving them provide the
E'z') basis upon which one may found an accurate analysis of an antenna in
$ a lossy medium.
. The monopole antenna illustrated in Fig. 1l 1is the extension of the
:\; center conductor of a coaxial waveguide whose outer conductor terminates
::': at the conducting ground plane. The monopole is taken to be a conducting
AN tube (open-ended) with a vanishingly thin wall. It is fed or driven by a
:}:.\' . time-harmonic signal (ejwt) from the coaxial guide and receives its
::“J excitation through the annular aperture where the coax opens into the
'f i ground plane. The monopole is of height h and radius 4 and it resides
\\.« in a semi-infinite, homogeneous medium characterized by (u,c) with
.:f. € (= eoer-j %) allowed to be complex to account for losses. The
X
d':j 1
oo,

AN AN .
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o Fig. 1. Coax-fed monopole above a ground plane.
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0
;3:: radii of the inner and outer coax conductors are a and b, respectively,
>i:: and the medium in the annular region between the conductors may be

N
- uniform in which case it is characterized by (uc.sc) or it may be a

W

O gas (ug,eg) in which a dielectric (uc,ec) bead of length L is inserted
:i: to provide mechanical support. (3See Fig. 2 .) In the former case of

a uniform solid dielectric, L is made to approach infinity. As

iif suggested in Fig. 2 , the monopole radius may differ from that of the
T

:;: coax inner conductor.

We wish to calculate the current induced in the monopole and to

R

tﬁ: determine the load, or admittance, which the monopole presents to the
:2: coaxial line. The known excitation is specified to be a TEM wave

}Q traveling in the positive z direction in the coax, whose field
B ‘-‘
L:r components are
SN

3+ E K K
N Ao Fo Ik oo fo Ik =

PP 76 np ?

N 2 42 2 . -
i where kc w ucec and Ne uclec and where E0 is the known complex ampli
Na N

¥ tude of the TEM electric field incident upon the annular aperture. If

5

a

the coax is gas-filled and the center conductor is supported by a

o

"»_'ﬂ,l'.l._
Tt

dielectric bead, kc and n, are replaced by kg and ng, respectively. The

~ viewpoint taken here is that the monopole can be treated as a scatterer
ﬂ;; which is illuminated by the field radiated by the coaxial aperture in
é;i : the screen. This approach enables us to apply aperture and scattering
':?j theory to the present analysis and provides the basis for the formulation
iﬁ* ) of a pair of coupled integral equations for the monopole-coax structure.
:' As an aid in the derivation of equations, the formulation is partitioned
.”3 into three parts: field in coaxial region, field radiated by annular
;;s aperture, field scattered by monopole.
A
<N 3
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2, FORMULATION OF INTEGRAL EQUATIONS

Coupled integral equations are formulated in this section for the
unknowns I and E: where I is the total axial current on the monopole and
E? is the p component of the electric field in the annular aperture A
through which the coaxial guide and monopole antenna are coupled. These
integral equations are derived by requiring (4) that the ¢ component
of the H-field in the coax be equal to that in the exterior region when
both are evaluated in the limit as the points of observation appr .h
the annular aperture and (£{) that the electric field tangential t *he
monopole and to the conducting plane be zero. For this purpose t .
magnetic field is expressed in the coaxial gui&e as a function of EZ
and of the excitation and in the exterior region as a function of

Ea and I.
P

Magnetic Field in Coaxial Guide

The magnetic field H;O in the coaxial guide can be written in terms

of the coax excitation of (1) and aperture field E: as

Hy'(0y2) = Hi%(p,2) + Hy (0,2) (2a)
where b
n;(p,z) = J E§(p')c°<o.z;p'>dp' (2b)
a
and in which
H:c(p,z) =2 % cos k_z (3a)

............................

TV Y j‘




is the so-called short-circuit magnetic field which would exist in the
uniform-dielectric coax if the aperture at z =0 between the coaxial
zuide and the extevior region were short-circuited. If the coax is
gas-filled with a bead-supported center conductor, the short-circuit
magnetic field in the region -L < z< 0 would be

o JkgL

E
=29,
Hy (,2) = 2

e
kL+j
ng cos cL j ncsin kcL

cos kcz, z £(-L,0). (3b)

In the case of the gas-filled coax, (2a) is valid only in the bead
material (-L<z<0), and it is assumed that higher order modes excited
at the discontinuity at z=0 are vanishing ‘small at z=-L. The

Green's function Gc is determined by standard methods [ 1] to be

ik z —Jch(Z+L)
c ' 1 c 1-Te
G (psz3p') = = — e -
2 b j2k L
ncp n; 1 +T e ¢
k 0 ix 2
[ 1 d iy d q
-=p' } === & (p") = ¢ (p) e (4)
Ne  q=1 Xqu do' q W q
ze(-L,0)
where
n_ - nc
I = g ¢ s (5)
n +n
4
where
= - . k ’ 6
0,(0) = Ny(k @) Jglie, ) = Ty (ke a) Nolk, o) (6)
and where
[ tq tq Cc
= N
Xq
-jvkZ_ - k* k2 > k2
J tq kc ' Ttq c
6

LT
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in which k., q=1,2,..., 1s the q"" root of 9 (b) =0. In (6), 3, and

Nv are the vth order Bessel and Neumann functions and the norm N; in

(4) is

22 [ oo (o] 4 = 2 |2 2
Nq ;[ pl;p <I>q(p)] de = = [;p ¢q(p)]p=b 7z (8)
a

The Green's function G° of (4) is valid for both the uniform~dielectric
coax and the gas-filled coax with bead-supported center conductor; in

the former case, I'is set equal to zero in the first term of (4).

Field in Exterior Region

The magnetic field in the exterior region is determined as the sum

ex r s
H™ =H +H 9
o “HptHy ®
where H; is that radiated by the annular aperture in the absence of the

s

¢
upon the monopole is that radiated by the aperture. As an aid in

monopole and H, is that scattered by the monopole. The field incident
deriving expressions for the exterior field, the exterior-field
equivalent model of Fig. 3 is introduced. In this figure one sees
that the annular aperture A at z=0 is short-circuited and that an
equivalent surface magnetic current of density §==M¢§ where M, =

¢
§ . [%g g x %] or M¢ = -EZ is placed on the shorted annulus [ 21, This
model and its field are equivalent to the original structure and its
field in the exterior (z >0) region [2]. By image theory one arrives
at the final model of Fig. 3, which is used as a guide in exterior

formulations.
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Exterior-region equivalent models of coax-fed monopole.
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In the absence of the monopole, the field (gr,gr) due to the

magnetic current is determined from

§r=—

o=

VxE
and
B =~ & PE+77-F)

where

e . e-dklz-p'|
F(r) = s JJ 2M¢(p')9' - ds'
[z-p"|
or where E- F¢§ with
0 . m klz? + R27%
- - — ' ' ] ' 1
F¢(o,z o f P Ep(p ) f cos¢ T RZ]% d¢'dp
a -T

in which k? = w?pe and n? = u/e and

R? = [p2 + p'? - 2pp'cosd’] .

From (10) and (12) one readily finds that the field components E:

r
and H, are

¢
. - b . LU -jk[zz + RZ]%
- — v ' ' ‘do' .
E (P2 = 25 %5 ° i PELPT) Incos¢ [2? + R2]? e
and
. - b . m k(2 + R2]%
- =K ' ' ' d¢'dp’.
H¢(o.z) R Ty i o Ep(p ) Iwc08¢ 7+ RZ]EV ¢'do

(10a)

(10b)

(11)

(12a)

(12b)

(13)

(14)

The field (gs,gs) due to the total axial current T induced on the

monopole can be determined from




oA
AN
o
e
s w
A E = -j 17 (KA+ TV ¢ 4)
. and
L4
LN
T S =Lvxa
< - H= T
B
PN where A has only a z-component given by
_;jl.::, h T -jk[(z-2")? + R)ZL];"E
" 1 e
R A (p,2) = o= J I(z') 5= 5 d¢'dz' (16)
o -h -1 [(z-2')? + R}L]
N in which R,zt is R? of (12b) with p' replaced by 4. As is consistent with the
o)
*:.: fact that the excitation of the monopole emanating from the aperture
.
s is ¢ independent, the current on the monoponle and the resulting
._:;\' scattered field are also ¢ independent. Expressions for the field
w8
e components E: and H; follow immediately:
o 4
s'iql *
, h T -jk[(z-2")? + R}L]li an
8 -y - [d 2 W1l |e 145"
:_..:':‘ Ez(psz) ] 4Tk [dzz +k ] J I(z'") 2T [(z z')z + RZ]IE d¢i dz
- -h - n
2
- h T -jk[(z-2")2 + R,ZL];’
xau)
L B3(0,2) = - =2 | 1(z") = | & do'dz' . (18)
:_'..:_ -h -T n
\-- Integral Equations
N
f"}_: The final integral equations for E: and I result from enforcement
. of boundary and transition conditions. The boundary condition is that
:;:5 the total electric field tangential to the monopole and ground plane
Ny
2:3 surfaces be zero. The tangential E-field on the ground plane is
"~
zero by virtue of the use of image theory in the construction of
L.
-
poo . 10
N N e N NN TN L NN e e e LT e




expressions for EF and Eéand that on the surface of the tubular

monopole is made zero by enforcement of the following equation:
E,(1,2) + E.(1,2) = 0 , ze(-h,h) . (19)

' The required transition condition is that the magnetic field tangential

Ry to the annular aperture A in the exterior region and that in the coax
; be equal when the points of observation approach a common point in A.
"W

. This condition is ensured upon enforcement of

- Lin H.°(p,2) = 1im B (0,2) , peA

X z+0 z¥0

o

o~ or of

AR ( :

3, lim H®(p,2) = lim ll-l;(p,z) +Hy(0,2)| 5 peA . (20)
.o z10 z+0

]

\J

Eqs. (19) and (20) must hold simultaneously and, upon utilization of

1’ (2), (3), and (13)-(18), they lead to the coupled integral equations
Y a

-~ below for E_ and I:

\I P

A

- 2 h

o N (4L "y ¢S (n.ziz')dz"

.4: -3 K [d22 + k ] J I(z') G (1,z;2')dz

.: -h

2 :

. +2 12 o | o2 (p") GP(pyz30")dp’| =0, ze(-h,h) (2la)
--.' a

- p=A

?2 and

IR h b

» __];a_j ' 8 ) ' E - ) a <0")do'

- = 4m3p ¢ 1(2") G (p,032")d2" +3 T | 0 E (P") G (p,030")dp

- -h

-, a

l* b

5@ - f E°(0') 6°(p,0;0")dp" = u;°(p,0). pe(a,b) (21b)
. :

¢

J':'_: 11
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"
NS
\is in which .
s ™ -jk[(z-z")? + R}]
Y
[ Flo,z3z') =2 | & — o’ (22a)

2m '
- [(z-2")% + Ri]

2

oy By Bpnt
. .
0

and

™
1
62 (p,z30') = 3;'[ cos¢'
-

and

-jk{z® + Rz];’
e — do' . (22b)

[z? + R?]

s k"':"

1_4
[
N

For subsequent convenience, the integral equations are written below

0
a A

in operator form:
E:[I;z] + E:[E:;z] =0 , ze(-h,h) (23a)

> and

r sC

3 HS[I;0] + H¢[E:;o] - H;[Eg;o] = H5(0,0) , peasb) . (23b)

PR ¢

I and E2(--M¢)can be determined by solving the coupled integral equations
. and from knowledge of these two quantities the radiated field and the

f\, input TEM reflection coefficient of the coaxial guide can be computed.

o 12
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3. NUMERICAL SOLUTION METHOD

The integral equations for Eg and I are far too complex to be
solved by any but a well-conceived numerical method. Due to the
presence of Gc, one must sum an infinite series comprising terms
involving derivatives of @q which depends upon Bessel and Neumann
functions whose arguments are determined by a solution of a transcen-
dental equation for each q. In addition the following terms in the

integral equations involve integrals whose integrands may be singular:

C e

E:(n,z), EZ(&,Z), 1lim H;(p,2), and 1im H c(p,z). A technique has

210 ? z¢0 ¢
been developed for solving numerically the integral equations and
schemes to handle all the difficulties enumerated have been devised.
This technique is described below.

The current I on the monopole and its image as well as pE: in

the annulus are represented by linear combinations of pulses Hn of the

forms N,
I(z) -nzl I 1 (2) (24a)
and
Na
PE? (0) -nzl v () (24b)

where In and Vn are unknown constants to be determined, NS is the
number of non-zero pulses in the interval (~h,h),and Na is the number

of pulses in the interval (a,b). The pulse functions are defined as

L ¢e (¢ -A8/2, ¢_+AL/2)
N = (25)

0, otherwise

13
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f:; where £ 1is the pulse center and A is its width. On (-h,h) the

&1 n

::\ nth pulse center is at znf--h + nAz and the pulse width Az has value
Y

Az = 2h/(Ns+-1)while on (a,b) the nth pulse center is at P, =3 + Ap(n-%)
and the pulse width Ap has value Ap=-(b-a)/Na. In keeping with the

boundary condition I(*h) =0, "half pulses' are placed on the subintervals

e Ay
P ECIRC S | v s
el e 4'.-.‘ .'.:' g

(-h,-h+Az/2) and (h-Az/2,h), and their coefficients are set equal to

zero. Eq. (2la) is tested [ 3] with triangles Am’ m-l,...,Ns, defined

by
|2- 2|
l- Az ’ ze(zm—l’zm+1)
Ay(2) = (26)
0 , otherwise
to obtain
N N
[} a sa
DLzt I v T, =0, m=1,2,...,N (27a)
n=1 n=1
where
h h
Z =+ | p (2) £i~ + k? I _(2') K(z-z')dz'dz (27b)
mn 47k m dz? n
=h =h
and
h b
sa __1 9 1 o2 en"Vdn'
I " J A (2) 30 P J I (") 6 (p,250")dp dz . (27¢)
-h a
P {
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In (27b) K(z-z') = Gs(n,z:z') is the exact kernel [4 ] of cylindrical
antenna and scatterer theory. EKEq. (21b) is tested with delta functions
or is simply enforced at match point om located at the centers of pulses
to arrive at

N N

S a
DI I‘: + 1 vy
n=1 n=1

(o] scC
mn-Ym] = H (28a)

ms= 1’2""’Na

sc sc
where H" = H¢ (pm,O)= where Pp = 2 t+ Ap(m-), and where

h
.- [35 j I (z') csm,o;z')dzﬂ . (28b)
~h ;>=pm
b
k ' a ' '
Ym = ;J Hn(o ) G (b s050")dp" (28¢)
a
and
b
Yo =[ ML (0") =5 (o ,050")dp" (284)
a

In view of the properties of the pulse function Hn of (25) and of the

triangle function Am of (26), Zmn and P:: of (27) can be simplified

[5,6] to
Az/2
Zmn =] ZFEZ; {K(zm+1 -z - T) = 2([1-%(kAz)?) K(zm -z -z)
-Az /2
+ K(zm_1 -z - c)} dz (29a)

15




and

Az Ap/2

sa _ _ 1 _ 3 a .

ro = ,Lj [1-[z]|/az] apoJ (o, T+z 3 & +p )dE| dz . (29b)
-Az -Ap/2 o=N

Integration by parts twice and the change of variable z' =zn-+c are
employed to transform (27b) into (29a) while the variable changes

z=2z +¢ and p' =pn+£ are employed to transform (27c) into (29b).
Also involved in the conversion from (27b) to (29a) is a very accurate
approximation [ 5, 6 ]. By making use of properties of Hn and the
variable changes mentioned above, the expressions of (28) for F:; s

c
Y , and Y can be converted to
m mn

Az/2

F:ntsl = - 4—]_'" Eg—p J Gs(p,O;zn-i-C)d?;] - s (30a)
~Az/2 P=Pp
Ap/2
Yy =3k% f ¢ (p_,0;p +E)dE (30b)
mn n m n 0
-Ap/2

and
Ap/2
c _ 1
mn pn+£
-Ap/2

Y

c .
6% (p,»03p_+E)4E . (30¢)

To facilitate subsequent discussion it is convenient to express

(27a) and (28a) as a single matrix equation of the form

= . (31)
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Analytical/numerical procedures for computing the matrix elements from

(29) and (30) are presented below.

Analytical Aids in the Numerical Evaluation of Matrix Elements

In this section are presented analytical procedures which greatly
enhance the accuracy and efficiency of methods for numerical evaluation
of the matrix elements of (31)., 1In fact, without the analysis outlined
below it is unlikely that sufficient accuracy of matrix element values
could be attained to allow acceptable numerical solutions. Zmn is
omitted from the discussion below since procedures for its evaluation
can be found elsewhere [ 4,6 ].

As a first step in casting F:; into a form suitable for computation
we point out that by making use of the analysis presented in [ 7] one

can show that F:ﬁ of (29b) can be reduced to

Az
sa _ |C|
o2 e [ Mgy L - g, 1 (32a)
-Az
where
. ™ e-jkoRm,nt%
= — do' (32b)
gm’nt%(C) ZW_l Rm,nt%
and

2 - 2 4 42 2 _ 1 v
Rm'n:% (¢ + zm) +1° + (pnt% Ap)© -2n (ont»z Ap) cosd (32¢)
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Evaluation of (32) is essentially the same chore as evaluation of
matrix elements in cylindrical antenna/scatterer theory and it car be

achieved by methods developed for that purpose, In fact for n=1,

g g 3 is a special case of the exact kernel for the circular
’

m,n-d5
cylinder which for zm=0 is logarithmically singular at 7 =0. Hence
from the simple expression of (32), one can avail himself of any of
the numerous procedures [4,6] developed for cylindrical antenna/

sa
scatterer theory to evaluate ' .

A form of r:nsx suitable for numerical computation is developed
by noting that an interchange of differentiation and integration
in (30a) is valid for p#4. Since the bracketed expression in (30a)

is evaluated only at points p spm_>_/L-|45Ap, I‘:: can be rewritten

as
hw -jkDm
Ton = 57T I f T, (2") (L+ JKD ) (o, = ncosd') Sgr— do'dz" (33)
-h -7 “
hn
= B_}rz j J ]'In(z') Ias d¢'dz"
-h -7
where

= 2 2 _ ' 12 Y
Dm [pm+/L meh.cos ¢'+2"'°]°".

The integrand in (33) is bounded and one can evaluate the integral
numerically. Because of the small size of the coax aperture,
however, the observation point may be quite near the cylinder surface
relative to the length of a source segment on the cylinder. Thus

the integrand of (33) may be very highly peaked for the cylinder

18
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e source segment in which |z'| <Az/2, To facilitate evaluation of
{fi (33) in this case the integral is expressed in a form more
{' appropriate for numerical calculations. We note that
-
“
:7:: [ (p -1 cos ¢' )—I' . (34)
L as \
- m
N

Thus when n==(NS+l)/2, F:; is expressed as

Az
2 07 fz m
...:‘. Fas = —1_ ” (I -1 )d¢'dz' + _].'_.. 2 I' d¢'dz‘ (35)
o mn  8mZ | as as 8m2 as )
A -Az  -T -Az =T
" 2 2

The highly peaked behavior of the integrand in (33) is then localized

to the integrand of the last integral in (35). Furthermore, integration

" with respect to the variable 2' can be performed analytically on I'

;_- to yield

-r:'_;

-".:

-“\.

o L v v
- 1 R | ' o o =L [ 12" 44

e 8m? J J Iasdz do 82 J Las d¢ 8z J Las do (36)
N -1 =Az = =

- o 2

L where

S 1 Az[(p_-1) + n(l-cos¢')]

- I ™ 2 Az (372)

ok [ (o, -2 +20 o t(t-cosd) 1 (p ot 20 /L(l-c03d> ) + ( 2]

‘.‘.4 *

o 2' Az Az, 5%

" T N ' Az 2 2 _ ' L8Zy2

v Ias k (pm ncoso') {ln[ + [pm + 1 mencos¢ + ¢ 2) ] )

-f\l

L. _1 2 2 _ '

% 2 Zn(pm + 1 2pmncos¢ ) . (37b)

3y
a4 »
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)
The integrand Iis is slowly varying with respect to ¢' and can be

'
evaluated numerically. The integrand Iis » however, is still highly
peaked near ¢'=0. We therefore subtract the small argument behavior

N .
Ny of Iis under the integral sign and add it to the expression for

g as as , .

v an as a separate integral, so that an is finally given by ‘
: bz .
- as _ 1 2 - T! N '

an 8m2 J J (Ias Ias)dw dz
-Az -7
2
bl b1
1 1' AN 1 2' .,
*Em J (Ias Ias)d¢ T J T.ed¢
- -1

¥
"

-

.

Ly T
+=1 | 2aer , n=(n +1)/2 (38)

8m2 as ’ s
-7
1 2!
where I , I' , I" , and I are defined in (33)-(37) and where

as’ "as’ Tas as

A 1 12

1" zf (pm‘)l-) + E ne'l

Ias ;5 (39&)

[ 1% + EB2T (o 12 + o 16'2]

Ul

" p_+n _1|™o 1 .
J I;s d¢' = Az rewrah T tan” = (39b)
- ol o0 + G2 /o R Pm

Fortl#(Ns+].)/2, of course, F;s may be evaluated directly from (33)

via numerical integration.
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'jﬂ{ To cast Ymn of (30b) into a form amenable to numerical computation,
S
{.' one first observes from (22b) that the integrand of 62 is unbounded
:j; for m=n and that it can be sharply peaked for other combinations of
fﬁf m and n. Thus Ymn must be computed with great care. To this end,
‘f; we modify the form of this integrand by adding and subtracting
:i:' 1/R _ to obtain
- } mn
o
\‘_\
) -jkR -jkR
-y cosd' e _cos¢' e -1 1
P R = R R (40a)
AN mn mn mn
;ZE; where
N 2 _ .2 2 _ '
::}._-: Rn =P ™ (on+€) ZDm(pn+€)cos o' . (40b)
W~
ﬁ:” The unboundedness is confined to the second term of (40a) while its
i
" first is very slowly varying and can be integrated numerically with
a:; ease, Furthermore, the integral over (-m,m) of the second term can be
AN
=y expressed as
T
B
ey n /2
>, 1 ' 4 1
o~ J —— d¢' = de (41a)
Ay R (p_+p0 +£) J1-82 sin?0
2% Ly @ m n 0 1-ansin 0
iii = ?——:ﬁ—;gy K(an) (41b)
':‘:; pm pn
~
- ) where K is observed to be the complete elliptic integral of the first
.Efi- kind [ 8] and where
® o_(p_+£)
m "n
B2 = 4 ————=% . (41c)
: mn (o +o, *E]
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e In view of the above, Y of (30b) becomes

A mn

, Ap/2 m -jkR

- ' ¥ = j i COS¢' e mn - l]d¢' +—2_ K(B ) dE'

.j;-. mn = 3 Tm R (o_+0_+E) = "mn

.:;

et When m=n, K is unbounded for £-+0 but, fortunately, the small argument

form of K can be integrated. That is,

- 2 KB Ly fe] (43)
5 @070 o) T58 o (50
-
p - and
_.:.
h Aol2 1g)
.- !
-2 safg-fes = 22 1-2n[A°] : 44)
g pn 8pn on 16pn
. -Ap/2
~
.
N Hence, Y _ is
!." nn
>
;
- PR S TR DI 1]
N Yon = Inm P, [1 jm[l6pﬂ}]
~ Ap/2
' + —2__ K(8 )+isanE dg
N (20 _+€) nn by 80
o -4p/2
Apf2 7 : -ijnn
= + cos¢’ e =1} q4'a} . (45)
' -80/2 0 on
-
b The unbounded part of the elliptic integral is added to and subtracted
.
'1‘4 from the integrand of (42). The integral of the added term becomes
~
.:' the first term of (45) while the subtracted term remains in the integrand
L4
- of the first integral of (45). Therefore, both integrals of (45) have
-.-f very slowly varying integrands and can be integrated numerically with ease.
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;1 The integration indicated in (30c) can be performed analytically
=
and, as a result, Y;n becomes
[ -
-j2k L
P ) c
c _ 1 1 ntsi|l - e
Y =- — n :
o n ftn=Fn Pn-1 -JZRCL

o l1+T e
S

3 ke 1 4

: =< J —— =0 ¢ E) -0 46

- P e )% (p_.y) (b )| (46)

| nc q=1 Xqu do q " m’'| q "ntk q "n-%

"

. in which p s = 2 + nAp and oy g =2 + Ap(n-1) and in which ¢ (p )
“ means [ o} (p)]

" P=Py

-

.

A The series in Y;n must be summed efficiently if the numerical

0 procedure described here is to be practicable. This is particularly
.q true in regard to Y:n because of the need to solve a transcendental
~E equation to determine the transverse eigenvalue ktq of (6) prior

'% to the computation of each series term. To this end Kummer's

o transformation [9] is used to accelerate convergence. To employ
’:: this technique, one determines the qth term for large q of his

“=

;: series and then finds another series with known sum and the same

» large~index qth term. Even though Kummer's transformation is applied
- to the series of t.ie present problem under the condition that the
-{; guide is below cutoff of the higher-order modes, k2<k§q, which is
;~ ) the case of major practical interest, the procedure is immediately

i extendable to the cases in which higher-order modes do propagate.

i One can show readily that
- R LU
o keq q*® b-a (47a)
”
!
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::-.;}_ and subsequently that

.-:::,
e sinq © sinq Q2
{ 1 d mnls mn+

o -— 9 $ -~— C - 47b
e m B °¢w %qPany T Cumsy { q* q® } (470)
._.\."

N
¥

= where

CERSy 1

o, b-a 1 b-a

A C = j = —= j —_— (483)
_J:_‘. mnt 72 —_— e ’

X Py Prsls v (a+bp[m-3]) (a+bo[ (n-%5) £%5])

iR

A gl TAp

e = — - = -

AN eumtlz b-a (pm + pntli 2a) b-a [(min-1)24] , (48b)
-:.:f: and

AN

= u mae 30 48
" st = pog Po ~ Pnay) = g [@WFD] (48¢)

In [10] the series below and its closed-form sum are listed:

» " - o]

v Y S (@) = (), O<a<2m (49a)
NS q=2 1

Lol

iy

'.,',-' where

-‘-f-'* sin qa

S (a) = =5+ (49b)
e q q°-1

-..‘-':'

o and

o 1 o

A 4(a) = Z - n(2 sin E) sina, O<a<2m . (49c¢)
D

X ' Notice that, apart from the factor Cmn+15’ Sq exhibits the form of the
..'jf' right side of (47b) when q»~. Applying Kummer's transformation to the
- series in Y , one arrives at

" mn

.. |
. |
o

o
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3
‘n'
H

k
c_d -
- X _N? 45 <!>1(pm) Eb1 (on_’_;!) ¢1(on_;5):]
1

k oo
c l 4 _
T qzz X2 45 LACW qu(om) <!>q(on_;2):l
™ Constg|5q Comasy ~ Sq Oy
+ Con-s, Sq(em_;i) - Sq(Qm_;!)J J'
k Q
- < - ot !
A, ¢ **’E(e““‘**’) 0 %l“'g‘“"“")]
mn
kc an-ls
+ 7 Cons |4 O s) -IQ Ié(lﬁm_!il) (50)
C mn-li

which converges in very few terms. Absolute values are used above
because an-i-;z can be negative and, as indicated, (49c) is valid only
for O<a<2m. Since, for a<0, sina= -sin [oa|, we can write

sin a = -l—a—l sin |a| for all o . (51)
a
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s This can be used to advantage to rewrite (49) as

% 1. 2n(2 sin l%L sir|a|

Y sin q a
. ) singa _a

q2-1

q=2 la| q=2 la

for -2mw<a<2mw (52a)
or

- Z S, (@) = TQT -% - n(2 sin-l%L) sin |al, -2m<a<2m, (52b)
a
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4. SAMPLE NUMERICAL RESULTS

In this section are included sample numerical results obtained
from a computer program implementing the techniques developed in
Section 2. 1In Figs. 4, 5, and 6 are shown current distributions and
aperture field distributions for coax-fed monopoles above ground plane
with the shape factors Q = 8.54, 9.34, and 9.92, respectively, where
Q = 2 2n (2h/1). The monopoles reside in air and have radii 1 =
3.175 mm, and equal to the radius a of the inner conductor of the air-
filled coaxial line with b/a = 3. The operating frequency is

= 663 MHz, The computed current distributions, which are
normalized in each case to the voltage in the aperture Va, are
compared with the experimental data (shown by dots) obtained by
Mack [11]. The agreement is seen to be very good. Although no
measured data are available to corroborate the computed aperture
field distributions, it is seen that they exhibit the expected
behavior near the inner and outer conductors of the coax.

In Figs. 7 and 8 are shown computed results for a very thick
monopole (2 = 2.77) immersed in fresh water (er = 81, 0 = 0) and
sea water (Er = 81, 0 = 4 S/m), respectively, and driven by an air-
filled coaxial line. The other parameters are # = a = 2,78 cm, b/a = 3,
and £ = 300 MHz. It is observed that in the lossy water case the
monopole current decays rapidly away from the driving point. Also,
the driving-point admittance is much higher in this case than in the

case of fresh water.

27

N '.. - ..- fe . . - .' » --_- - ._-.-_.. ...... - ; ~ - '-\ L ..~.~_ R
A ‘-':\ 2 .‘&ﬁﬁ‘“p.. o A._l ‘AI.\A L._L‘L PRI L I A PR 4‘1.'@{ ."s.h_d' l \ \ .\ R .' J'*A P J'_' '_' N }_ e




l':..‘j
",l »

e Jon
[

g ig

4

A/X = afx = 7.022 x 1073
b/a = 3
WA = 1/4

",
&
- -.~

SR
Y Y
™
]

E = Eg =€
c g 0
u=uc=ug=u0

Dl 4" l.‘l'

oSl

.-
-'o‘l"'_‘

= 1 /v® [mA/v]
: (a)

N Fig. 4. Current and aperture electric field for one-quarter wavelength

Y coax-fed monopole in air (—computed, ...measured). (a) mono-
o pole current, (b) aperture electric field.
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Current and aperture electric field for one-half wavelength

coax-fed monopole in air (—-computed, ...measured). (a) mono-
pole current, (b) aperture electric field.
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7. Current and aperture electric field for coax-fed monopole in
tap water. (a) monopole current, (b) aperture electric field.
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o Finally, in Fig. 9 is shown a plot versus frequency of the

driving-point admittance (normalized to Y, = 0.029 S) of a coax-fed

0

:::_ monopole of radius £ = a = 0.3]1 cm and height h = 1.65 cm immersed
:Egt in tap water (Er = 82, 0 = 0.11 S/m).* The driving coaxial line has
-:i' b/a = 2.29 and is air-filled except for a teflon bead (Er = 2.1)
. - of length L = 0.99 cm at the ground plane. The computed results

~
:;Z (shown by boxes) are compared with experimental data (shown by

B pluses) obtained by Harrison and Butler [12]. Although the computed
j:: conductance is generally larger than that determined experimentally,
Eff there is excellent agreement at peak values. A major difference of
‘i: some concern is that the computed frequency for zero phase angle
{i& does not coincide with the computed frequency for peak conductance.
Egé In the experiment, peak conductance and zero phase angle occurred
S at approximately the same frequency. The wavelength in the water
ii? at 500 MHz is approximately 2.6 inches, and the monopole height is
5& approximately 0.65 inch while its radius is 0.25 inch., Fabrication

, of an antenna of these dimensions to close tolerances relative to

the above-mentioned wavelength is difficult, especially so since

.\'
altala s,

.l .l

the monopole must be suitable for underwater operation. Construction

.
e

0

SRV

u ~ oY
2 I

inaccuracy is likely a contributor to the failure of computed and

- measured data to agree better.

*
(g
3 Actually Er and 0 are slightly frequency dependent over the frequency
) range under consideration; these representative values are used in
S~ the computations for convenience.
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